A kinetic model for the chloroplast translocators (mediating equal and opposite exchange fluxes between the external medium and the stroma) is derived. This model is a modification of the clas sical Widdas model corresponding to the exchange of an arbitrary number of compounds with no contribution to net transport. It describes the rate of transport of each compound in simple terms and with a minimum number of kinetic constants. Predictions from the model agree with ex perimental data as recorded in the literature.
Introduction
Knowledge on metabolite exchange between chloroplasts and cytoplasm is well established in qualitative terms 1. The field appears to be prepared for a quantitative treatment which promises a better understanding of the regulation of photosynthesis. Different parameters such as light intensity met abolite levels, activities of enzymes influence met abolite transport. Ton consider them simultaneously is impossible without the aid of a computer. One possibility to follow the time course of the individual variables is to set up the corresponding differential equations and to solve them by means of a com puter.
There is a large volume of literature concerning the computer simulation of enzymatic reactions and the time course in the levels of intermediates 2. Re cently a computer simulation of electron transport in photosynthesis was described 3. In this paper a model for translocator mediated diffusion4 is de scribed. This model is quite general for any case of mediated diffusion with zero net flux. It is mainly applied to the phosphate translocator of the chloro plast. This carrier is situated in the inner membrane of the envelope and facilitates, in a competitive fashion, transfer of 3-phosphoglycerate, inorganic
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phosphate, dihydroxyacetone phosphate, and glyceraldehyde phosphate. Since C 02 diffuses into the stroma and dihydroxyacetone phosphate is the main product of C 02 fixation the physiological signifi cance of the phosphate translocator is to mediate the exchange of dihydroxyacetone phosphate and in organic phosphate, which is required for the forma tion of ATP 5. It has been verified that the operation of the phosphate translocator is a strict counter ex change, mediating only equal and opposite exchange fluxes with no contribution to net transport6. These experimental findings are met by the assumption that the carrier is able to cross the envelope only when occupied with substrate. The model is some what similar to the classical Widdas model7. The main differences come about by the assumed counter exchange (net flux equal to zero) and by con sidering the exchange of N substrates (N arbitrary integer) instead of one 7 or two 8.
The Model
The analized translocator model ( Fig. 1 a) has one central TS-complex for each species. A probably more realistic model would involve two central com plexes, corresponding to the diffusion process of TS across the membrane (Fig. l b ) . It is known that under steady-state conditions the final rate law does not depend on the number of TS-complexes 9; only the definition of the model's parameters in terms of the individual microscopic rate constants changes. Hence the model of Fig. 1 a is preferred. According to the counter exchange principle for every molecule of substrate transported in one direc tion there will be a transport of one molecule in the other direction. Assuming that there is no change of osmotic volumes this means (see Fig. 1 a, 1 b for symbols) :
The sums of concentrations of all exchangeable intermediates are constant in time for both compart ments. It is assumed that the translocator molecule is able to cross the membrane only when occupied (cf. Figs 1 a, l b ) . Under this condition Eqn (1) is equivalent to
as is shown in the Appendix, Eqn (A 8), (A 9). The concentration of free translocator molecule is con stant in time on the inside and on the outside of the membrane, respectively. It should be pointed out that Eqn (2), though looking like a steady-state con dition, holds quite generally in any case of strict counter exchange. The model is highly symmetrical. There is no sidedness of the membrane; the rate constants of the TSj-complexes depend only on the substrate under consideration and not on the side of the membrane. The model is analized in terms of steadystate kinetics. As the King-Altman procedure10 turned out to be too confusing for a model with N substrates the differential equations for the scheme of Fig. 1 a were set up and simplified according to steady-state conditions. The resulting system of equations was solved analytically. In addition, the definition of the parameters for the model involving two TS-complexes ( 
V \ is the rate of transport of A from the medium to the stroma compartment (equal and opposite to the transport of b from stroma to medium). Qy = v/V is the volume quotient (cf. Equilibrium for the operation of the translocator is reached when the ratio of concentrations is iden tical for the two substrates (6 a) or if the ratio of concentrations is identical for the two compart ments (6 b ). Having considered these special cases we can see that the general expression is a straightforward ex tension of Eqn (5) :
P -1'
Eqn (7) gives the rate of exchange of 5P and sp , re spectively, for p = 1 , .. ., N . The transport of 5P into the internal compartment is zero if either Sp = 0 (tri- 
This formula is the straightforward extension of the expression (6 a). The components b and B are reavailable). This is what we expect to occur for the placed by the 'generalized' components V[Si and operation of a counter exchange translocator. The 2ViS\, respectively. By summing up the flux rates equilibrium condition for the net flux of Sp reads Vi of all N compounds it can be shown that the sums of concentrations in the two compartments are indeed constant in time according to our assump tion, E q n ( l) . If the V\ are equal to each other Eqn (8) takes a very simple form:
with SUM = 2 j sum = 2 5i i = 1 i = l able labelled compound in the internal compartment. Hence we are allowed to abolish the first term in (7), as this term corresponds to the flux of label led compound from the stroma to the medium. We omit the sign and neglect the ratio of volumes Qw which does not interest in this connection. For the transport of A* =S± in the presence of an unlabelled compound B = S2 we get from (7 ):
From this formula it is easy to get a rough semiquantitative scetch of the operation of the trans locator. Only 2 /V kinetic parameters and V[ (t = l, . . . , N) are required in describing the operation of the translocator for N chemically different species. The small number of kinetic parameters is one of the advantages of this symmetrical model. It is known that with less symmetrical models there is an enormous number of terms in the rate equation (Schächter gets 90 terms in the denominator for a nonsymmetrical model corresponding to N = 2 in this nomenclature, ref. 12). Thus explicite summa tion of terms highly simplifies the handling of rate equations and drastically reduces the expense of work and paper in analytical and numerical proce dures. An essential question is whether this simple model is adequate to meet the experimental facts.
Comparison M odel-Experim ent
Heldt and coworkers studied translocators in the chloroplast envelope 5> 6>13_15. They determined the apparent ^max and K$l of the phosphate trans locator from initial rate kinetics with labelled sub strates at 4 °C in the dark. Their main results which have to be met by the model are: in the LineweaverBurk representation of the rate of transport of labelled substrate (1 jv versus 1 /S*) a straight line is obtained. From the intercepts one gets values for apparent Fmax and for each transported com pound. A second substrate (not labelled) acts as competitive inhibitor: it alters the slope but not the intercept with the 1/u-axis whence an apparent in hibition constant £ f p is obtained. The (A) for the transport of A is equal to the apparent inhibition constant Kf9 (A) when I is transported in the pres ence of A.
In deriving the Lineweaver-Burk representation from Eqn (7) we have to bear in mind that during the first few seconds there is practically no exchange- 
This means that the Lineweaver-Burk representa tion of translocator mediated transport of compound A* as calculated from the model (Eqn (9) ) takes the form (10) of a simple competitive inhibition system provided the apparent parameters F lp , K j? , and Kfp are defined by (11 a) -(11 c), respective ly. The Eqn (11 a), ( l i b ) constitute the link be tween the model parameters V \ , K{ and the experi mental apparent parameters Vfp , Kfp .
From (9) it can be seen that the 1/v versus 1/A* plot gives a straight line; a second substrate B acts as a competitive inhibitor with respect to A*. From ( l i b ) , (1 1 c), (10) , and the analogon of (10) for the transport of B* in the presence of A it is clear that the Km for the transport of A* ( = KA) is equal to the inhibition constant when B* is ex changed in the presence of A. The Lineweaver-Burk plot for the transport of compound A* in the pres ence and in absence of B is given in Fig. 2 . A* can be one of the labelled compounds PGA, P i, DAP, or GAP or any other compound transfer red by the phosphate translocator. The correlation between the apparent kinetic constants Kfv, F fp for the four compounds PGA, P , , DAP, and GAP as determined by Heldt and coworkers and that of the model are given by the factors r; (Eqn (9 a )). From (11a) we get:
The are a measure of the difference between the apparent and the model parameters. For r\ = tb = 1 in (11) the apparent parameters coincide with those of the model. It can be seen from (9 a) that n = 1 is equivalent to 2 S [ 2 and Va = Vq = Vi. The apparent and the model parameters are identical whenever the stroma of the chloroplasts is filled up with exchangeable substrates and all the maximal exchange rates Vi are equal to each other.
For every substrate of the phosphate translocator there is one equation (11 a) and one equation (11 b). These two sets of equations are combined with Eqn (9 a) for the r j . We get a system of 8 equations for the 8 unknown model parameters Vpga , Vpi, Fdap j VGAP) ^pga » K?i, ^dap ? &gap • This system can be solved provided the apparent parameters Vfp , £ f p (i = PGA, P j , DAP, GAP) and the concentra tions of the four compounds in the stroma are known. The Vfp, Kfv are taken from H eldt15> 16. The con centrations vary from one batch to another and vary considerably in time for one experiment17. We choose some representative values which are sup posed to be fairly realistic. Calculation is done by a FORTRAN Subroutine18. Table I gives the result together with the apparent constants according to H eldt15 ' 16. There are systematic differences between the r; for the individual compounds; for stroma concen trations in the physiological range those of DAP and Pj are about one, that the for PGA definitely lower than unity. These differences reflect the com petition of intermediates for the translocator mole cule: as for instance the apparent rate for the trans port of Pj is the highest (cf. Table I ) though its K m is the highest (lowest affinity) the actual capacity of the translocator for the transport of Pj (which is expressed by Vi) must be higher than the apparent capacity measured in the presence of other com ponents with lower K m (higher affinity for the trans locator) .
Except perhaps for Pj the uncertainty in the con centrations of the compounds in the stroma does not affect the V; and very much; we are able to spe cify a set of kinetic constants Vi, K{ which complete the translocator model and make it applicable to realistic situations.
The differential equations describing the time course of operation of the phosphate translocator are established according to (7) . and s; ( i = l , . . . , 4) are the concentrations of PGA, P j, DAP, and GAP in the medium and in the stroma, respec tively. The volume quotient Qy = v /V depends on the chlorophyll concentration in the experiment and on the respective volumes. With 30 f-ig chlorophyll/ ml and 0.33 M sorbitol buffer it is about 1/1300. The constants Vi and K-x ( i= 1, . . . . 4) are taken from Table I . The resulting set of nonlinear first order differential equations is solved numerically by Hamming's modified predictor-corrector method 19. Fig. 3 gives some illustrative examples of the opera tion of the phosphate translocator. The amount of exchanged compounds (and the time till equilibrium is reached) depends on the choosen values of con centrations. In many cases intermediates are trans ported against their concentration gradient (e. g. PGA in Fig. 3 b ) . This is clearly no case of active transport but an example for a situation where one gradient drives another.
From Fig. 3 a it can be seen that increasing levels of P; diminish the extent of PGA uptake. With low medium concentrations of P; there is a considerable concentration gradient medium/stroma for this com- Table I pound. This gradient equilibrates, driving the up take of PGA. Higher medium concentrations of Pi reduce the gradient; in addition, P; competes with PGA for the binding site of the carrier molecule. Thus, the rate of PGA uptake is decreased, and the equilibrium concentration is lower (Fig. 3 a) . This mechanism may play a role in the still unknown nature of phosphate-inhibition of C 02 reduction 20.
There are some problems involved in this ap proach which have not yet been mentioned: most of the compounds of the phosphate translocator are exchanged as divalent anions, but there is evidence 21 that PGA is transported in its trivalent form. It can From (A 2) and (A 6) we get
From the last two equations it is evident that the be seen from exchange experiments 6 that exchange concentration of free translocator molecules is condoes not occur according to the stoichiometry of stant in time whenever the sums of compounds in both compartments are constant in time, and vice versa. Hence we are justified in assuming the lefthand-sides of Eqn (A 4) and (A 5) to be zero. Under steady-state conditions the left-hand-side of (A 3) is zero. The Si ÜT-complexes can be ex pressed by T, S i , t, Si:
charges but according to the stoichiometry of mole cules. Therefore requirements for electroneutrality (cotransport of a monovalent cation or counter transport of a monovalent anion) may change the characteristics of the translocator or may even limit its operation. The apparent kinetic constants, how ever, are obtained from initial rate experiments and will not be affected by the differences in the valencies of exchanged compounds. This point nevertheless has to be considered in establishing the set of dif ferential equations describing the dark reactions of photosynthesis. 
